Background: In HIV-uninfected individuals, isoniazid preventive therapy (IPT) has been associated with long-term protection against tuberculosis (TB). For HIV-infected/antiretroviral therapy (ART)-naive individuals, high TB rates have been observed following completion of IPT, consistent with a lack of 'cure' of infection. Recent trial data of IPT among HIV-infected individuals on ART in Khayelitsha, South Africa, have suggested that the effect of IPT persisted following completion of IPT.
Introduction
Isoniazid (INH) preventive therapy (IPT) has been shown to reduce the risk of tuberculosis (TB) in people living with HIV (PLHIV) [1] and the WHO strongly recommends that PLHIV who do not have active TB disease should receive at least 6 months of IPT as part of HIV care [2] . However, evidence from clinical trials in high TB incidence settings has shown that the duration of protection following 6-12 months IPT is limited [3] [4] [5] and that continuation of therapy (up to 36 months) provides increased protection against TB disease [6] . This has led to the conditional recommendation that PLHIV in high TB transmission areas should take at least 36 months of INH [2] .
Following completion of a course of preventive therapy, TB disease can result from reactivation of a previous infection or through acquisition of a new infection. If, following therapy, INH results in lifelong protection against reactivation of existing infections (referred to here as 'cure'), then reinfection must occur before individuals can progress to disease. If INH does not 'cure', then previously infected individuals will be at immediate risk of progressing to TB disease. In practice, TB disease observed following completion of therapy is likely because of a combination of these mechanisms.
Evidence from trials in immunocompetent individuals suggests that a 9-month course of IPT is sufficient to 'cure' infection in most individuals [7] . In contrast, in a previous analysis of trial data from the pre-antiretroviral therapy (ART) era, we found that the high rates of TB following completion of 6-12 months IPT in PLHIV were consistent with an almost complete lack of 'cure' of latent Mycobacterium tuberculosis infection (LTBI) [8] . Mathematical modelling of a trial of community-wide INH in South African gold mines reached similar conclusions about the effectiveness of IPT in PLHIV [9] . This lack of cure from IPT in PLHIV not on ART suggests that regimens with better curative potential (e.g. containing rifampicin or rifapentine) [10] could be considered to reduce the risk of reactivation disease. However, these regimens carry increased risk of adverse effects and drug-drug interactions in individuals taking ART [11] .
ART provides additional protection against TB disease over IPT alone, in patients starting ART after, or during, a course of INH [6, [12] [13] [14] . Recently published data from a pragmatic trial of IPT conducted among people established on, or starting, ART in Khayelitsha, Cape Town, South Africa [15] , suggested that the protective effect of IPT persisted in the year following completion of IPT, longer than observed in trials in HIV-infected/ ART-naïve individuals [3, 4] . However, this trial was not powered to determine the duration of benefit. Given the implementation of new criteria for starting ARTearlier in HIV disease, it is important to explore the potential reasons for this apparent increased duration of protection of IPT with concomitant ART in high-incidence TB settings. Quantifying the curative ability of IPT in HIVinfected individuals on ART is a critical step in estimating the potential long-term individual and population-level benefits of IPT in different epidemiological settings.
In this article, we use an extension of the approach presented in [8] to analyze data from the Khayelitsha trial [15] and estimate the proportion of HIV-infected individuals on ART that were 'cured' by IPT.
Methods
The model is based on a previously published model [8] and is similar in structure to a number of other TB models [16, 17] . It describes the TB dynamics in a preventive therapy trial cohort of HIV-infected individuals on ART after the cessation of IPTor placebo. The model structure is shown in Fig. 1 .
Following the completion of drug, the population is divided between susceptible (never infected, S), recently infected (defined as infected for the first time in the previous 2 years, I), recently reinfected (again, in the last 2 years, R), latently infected [last (re)infected 2 or more years ago, L] and those cured by IPT (C). The model structure is the same for both placebo and INH trial arms and differs only in the initial conditions (see Fig. 1 ).
The proportion of the population that are cured following IPT ( p) can only develop disease if they are reinfected with M. tuberculosis. Cured, susceptible and latent individuals are (re)infected at rate l and move to the recently (re)infected classes. The risk of infection is assumed to be constant for the short duration of the trial. This is based on the assumption that the trial population mixes homogenously with the nontrial population and is consistent with the data from Cape Town which suggests that the annual risk of infection (ARI) has been relatively constant over the last 15 years [18] .
Recently infected, recently reinfected and latently infected individuals can progress to disease at rates d p , d n and d x , respectively, representing primary, endogenous (reactivation) and exogenous (reinfection) disease. The risk of disease following (re)infection is assumed to decline with time since (re)infection [16, 19] . This is modelled by dividing the recently infected and recently reinfected compartments into two subcompartments representing years since (re)infection with different risks of disease. After 2 years, recently (re)infected individuals' progress to the latent class in which they experience a much reduced risk of progression to disease. The model equations are given in the Supporting information (http://links.lww.com/QAD/A894).
ART reduces the risk of TB in HIV-infected individuals. We assume that this effect is only because of related changes in CD4 þ cell count. Following Williams et al. [20] , we assume that the relative risk of TB increases exponentially with decreasing CD4 þ cell count at a rate a for each decline of 100 cells/ml. CD4 þ values in the model were taken from the trial data.
The model is initialized to represent the population in the intervention and placebo arms at cessation of IPT. The proportions of individuals in each compartment at this time depend on the ARI, the proportion cured by IPT ( p), the level of drug resistance (d) in the population and the average age of the cohort (a). Expressions for the populations in each state are given in Table 1 .
In our primary analysis, a 12-month course of INH is assumed to suppress recent infection (to a latent state) in all individuals completing therapy and clear latent infection in a proportion, p. We also assume that INH can have no effect in individuals infected with INH resistant strains of TB. Results of a cross-sectional survey of adult clinic attendees in Khayelitsha found prevalence of INH resistance of 10.4 and 15.7% in new and previously treated TB cases, respectively [21] . Approximately 40% of the trial cohort had history of previous TB; therefore, we assumed a baseline prevalence of INH resistance of 12.5%. We do not allow for mixed infections in the model.
The model was calibrated to the prevalence of LTBI in the placebo arm and the TB incidence rate observed in the placebo and INH arms during the post-treatment period [15] . Estimates of LTBI prevalence were based on analysis of a similar high incidence setting to the trial location [22] which estimated prevalence of infection of 74.3% (61.2-87.4) in individuals of 35 years of age, the median age in the trial cohort [15] . The prevalence of infection was assumed to be normally distributed with a mean and 95% confidence interval determined by the values presented in [22] .
Model calibration was based on the Bayesian melding method [23] implemented using a sampling/importance resampling algorithm [24] . First, we generated a large number of samples from the prior parameter distributions. Then the model was run for each parameter set and the likelihood calculated. The parameter sets were then resampled with replacement using the likelihood as weights. The following results are based on 100 000 model runs, a resample size of 200 000. Table S2 (Supporting information, http://links.lww. com/ QAD/A894) shows the prior distributions of the model parameters used in the calibration process. We used uniform priors for the ARI and proportion cured ( p) as we have limited or no information on their values. The priors for risk of developing primary disease in the first year postinfection and the protective effect of previous infection were based on earlier studies [16] with wider uncertainty ranges to reflect potential differences between populations. These values, together with estimates of the relative risk of disease in subsequent years, were used to calculate the risks of primary (d p ), endogenous (d n ) and exogenous disease (d x ) (see the Supporting information, http://links.lww.com/ QAD/A894, for further details). CD4 þ values in HIVnegative individuals and the increase in TB risk with declining CD4 þ were based on previous analysis of sub-Saharan African populations [20, 25] . Fig. 1 . Schematic of the model. The model structure is the same for placebo and isoniazid (INH) trial arms but differs in initial conditions (see Table 1 ). Dashed arrows indicate the distribution of cases at the start of the trial follow-up period (after IPT cessation) and represents the initial state of the model. The recently infected and recently reinfected compartments are subdivided into two stages but these are not shown here for clarity. IPT, isoniazid preventive therapy.
Sensitivity analysis was conducted to explore the impact of assumptions about the prevalence of drug resistance and the efficacy of INH against drug-resistant strains on the model results. We considered two alternative assumptions for the level of drug resistance: that all LTBI was drug susceptible (resistance 0%); the prevalence of resistance was based on the results of drug susceptibility testing of cases of active disease in the trial cohort (25 out of 34 cases were cultured) and of these six (24%) were resistant to INH (2) or multiple drugs (4) . We also explored the assumption that INH cannot cure infections with resistant strains of M. tuberculosis but is effective in suppressing recent infections with such strains. Further details can be found in the Supporting information (http://links.lww.com/QAD/A894). Figure 2 shows the fit of the model to the data. The model estimate of the prevalence of LTBI infection in the placebo was 75.2% (61.9-88.7) compared with empirical estimates of 74.3% (61.2-87.4) [22] (Fig. 2a) .
Results
The model captures the trends in incidence in the placebo and intervention arms observed in the trial during the follow-up period (Fig. 2b ). In the placebo arm, incidence declines over time consistent with an increase in time spent on ART by trial participants (and hence increasing CD4 þ cell counts), resulting in a reduced risk of TB. In the intervention arm, the model predicts a lower incidence immediately after cessation of IPT compared with the placebo arm (as seen in the trial data). During the follow-up period, the incidence rate increases to similar levels to those observed in the placebo arm. Table 2 shows the hazard ratios estimated from the model for different time periods following completion of treatment compared with the values observed during the trial. Model estimates were within the 95% confidence interval observed in the trial.
In the primary analysis, the model estimated ARI was 4.0% (2.6-5.8) and the estimated proportion cured ( p) was 35.4% (2.4-76.4). The posterior distributions of these parameters are shown in Fig. 3 (posterior distributions of the other model parameters can be found in the Supporting information, http://links.lww. com/QAD/A894). Table S4 (Supporting information, http://links.lww.com/QAD/A894) compares the model predictions for the ARI and p under different assumptions about drug resistance. Model estimates of the ARI were similar across all scenarios. In the limiting case that all infections in the population were drug susceptible, the estimated cure rate was lower at 23.2% (0.1-61.5).
In the placebo arm, 53.7% (32.4-66.2) of TB disease is estimated to be due to recent transmission (classed as occurring within 2 years of (re)infection). This is in line with empirical estimates from similar high HIVprevalent settings in southern Africa ranging from 35 to 68% [26] [27] [28] [29] [30] . The model also allows us to look at the proportion of disease occurring via different routes over time in the intervention arm (see Supplementary  Fig. S3 , http://links.lww.com/QAD/A894). Initially, the majority of cases are because of reactivation in individuals who were not cured following IPT. Over time, there is an increase in disease due to recent infection as individuals who were either cured by IPTor whose infection was suppressed to a latent state are reinfected. The cumulative proportion of disease that occurs in individuals cured by IPT, in the 2 years following completion of therapy, was estimated to be 7.8% (0.4 -32.1).
Discussion
Our results suggest that in HIV-infected persons on ART IPT may cure existing LTBI in approximately one-third of individuals, although there is uncertainty in the estimated value. This is a consequence of the uncertainty observed in the trial results and the importance of reinfection in driving TB incidence following completion of IPT. Earlier analysis of trials from the pre-ART era suggested that INH was unlikely to result in cure of LTBI in ART-naïve individuals [8] . Together, these findings are consistent with the hypothesis that INH requires a (better) functioning immune system to 'cure' existing infection [31, 32] . 1282 AIDS 2016, Vol 30 No 8 Table 1 . Initial conditions in the model.
State
Placebo arm ( p ¼ 0) INH arm
Recently infected
I i¼1,2 ((1 À ARI) (aÀi) )(1 À (1 À ARI)) ((1 À ARI) (aÀi) )(1 À (1 À ARI))(1 À d) Recently reinfected R i¼1,2 (1 À (1 À ARI) (aÀi) )(1 À (1 À ARI)) (1 À (1 À ARI) (aÀi) )(1 À (1 À ARI))(1 À d) The model outputs indicate that immediately following completion of therapy the majority of cases occur because of reactivation of ineffectively treated latent infection. Although this is in part a consequence of our assumption that IPT is at least sufficient to suppress recent infections to a latent state in all individuals, it is interesting that this effect persists for approximately 50 weeks at which point disease because of reinfection starts to dominate. Several trials of IPT in PLHIV, including a comparison of 6 versus 36 months IPT in Botswana [6, 12] and the THRio study in ART clinics in Brazil [33] , have reported a significant increase in TB rates shortly after completion of therapy. Whether these cases are because of reactivation or reinfection is unclear. Our results strengthen the hypothesis [33] that the majority of TB occurring in HIV-infected individuals during the first year following completion of IPT is because of reactivation of existing infections.
Our results also suggest that although lack of cure is necessary to reproduce the TB incidence observed in the trial intervention arm, in the longer term reinfection is responsible for the majority of TB disease. This may partly explain the differences observed in the duration of effect following completion of IPT between trials in high-incidence settings (such as South Africa) where the effect was lost quickly and those conducted in lower incidence settings such as Brazil where the benefit persisted for longer [33] .
Given that a significant proportion of TB disease is due to recent transmission, it is likely that even with a preventive therapy regimen that did cure latent infection, the duration of protection would be limited because of the risk of re-exposure in such high-incidence settings.
In such circumstances, the use of continuous IPT together with improved infection control efforts to reduce exposure to repeated M. tuberculosis infections may be necessary to provide long-term protection against TB disease.
We have assumed that the effect of ART on TB risk is solely because of increases in CD4 þ cell counts. Differences in CD4 þ cell count, and hence risk of TB, between the control and intervention arms were based on trial observations and therefore differences in observed TB incidence because of different CD4 þ distributions are accounted for in the model. By controlling for the effect of different CD4 þ cell counts in this way, we can exclude the possibility that the observed effect of IPT is derived from a confounding effect of ART. However, it is possible that time on ART modifies disease risk in other ways independent of CD4 þ cell count which would not be captured in our model. Drop out (due to death, drug toxicity or loss to follow-up) was modelled based on rates of drop out observed in the trial and was assumed to be independent of TB status in the model. If this was not the case, for example individuals were more likely to be lost to follow-up if they were at higher risk of disease, this may have influenced our findings. However, numbers of deaths, adverse events and other loss to follow-up were similar by trial arm [15] .
The prevalence of drug-resistant infections in the model was based on the numbers of drug-resistant cases observed in individuals developing active disease in the same setting as the trial. It has been suggested that the use of IPT may select for INH resistance, although a systematic review of the risk of acquired INH resistance following IPT found no conclusive evidence for a link between INH resistance and the use of IPT [34] . We also assumed that INH had no effect in individuals infected with drug-resistant strains. Evidence from treatment of active disease suggests that first-line drugs, including high-dose INH, can be effective in treating drug-resistant TB [35] [36] [37] but there are limited data on the efficacy of INH in individuals thought to be infected with drug-resistant strains of M. tuberculosis [38] .
In sensitivity analysis, we explored the impact of assuming zero drug resistance, equivalent to assuming INH is effective against drug-resistant strains, and found a lower estimate of the proportion cured by INH. As a larger proportion of the latently infected population could potentially be cured by INH, so a lower effective cure rate is required to result in the same number of individuals being protected. Conversely, if the prevalence of resistance in the INH arm was higher, the estimated proportion cured would be higher as a greater proportion of those with INH-susceptible infections would need to be successfully cured to produce the levels of TB incidence observed in the trial.
Conclusion
Our results suggest that IPT can cure LTBI in approximately one-third of HIV-infected persons also taking ART and therefore provide protection beyond the period of IPT. In low-incidence settings, 12 months of IPT in combination with ART may provide additional long-term benefit to HIV-infected persons. However, the durability of this protection will be limited in highincidence settings where there is a continued risk of exposure to reinfection, and continuous preventive therapy together with improved infection control will be required to provide long-term protection against TB. 
